A series of coals were blended and several aspects of the resultant blends were studied. This included determination of the grindability of the samples by means of the Hardgrove Grindability Index and temperature programmed combustion tests, which were carried out in a thermogravimetric analyzer coupled to a quadrupole mass spectrometer. Special attention was paid to the combustibility parameters and the NO emissions during blend combustion. It was found that while some coal blends present interaction between the individual coals, others do not. This behavior was assumed to be due to the differences in coal structure and functional groups composition.
INTRODUCTION
Coal blending is becoming of increasing interest in power stations firing pulverized coal, as operators attempt to increase the flexibility of fuel types, improve the combustion behavior of their coals, and meet the requirements of emission legislation. Some aspects of the combustion behavior of blended coals in powerstation boilers are known or can be determined reasonably well from knowledge of the properties of the component coals in the blend. These typically include emissions of sulphur oxides, overall ash loading, and thermal input. However, the effects of firing blended coals on ignition behavior, NO x emissions, burnout, and the incidence of phenomena such as slagging and fouling may not so easily be inferred with this method, particularly if low-NO x technologies are employed (Smart and Nakamura, 1991) .
The contents of nitrogen and volatiles in coal are perhaps the most important properties of coal influencing the choice of combustion control measures. However, a large variability in NO x emissions exists among coals that have the same nitrogen content and rank and are burnt under the same combustion conditions. Additionally, the difficulties to burn low-volatile coals under NO x control conditions are well-known (Maier et al., 1994) . The increase of volatile species in the flame zone by blending this type of coal with high volatile coals could reduce NO x emissions, favoring, at the same time, the combustion behavior of the higher rank coal.
In this work the effect of mixing coals of different rank on the grindability and combustion behavior of the resultant blends, in comparison to the individual coals, was studied. In addition, the formation of NO during coal blend combustion was also considered.
EXPERIMENTAL
A series of coals of varying rank (from high volatile bituminous coals to anthracite) and different origin (Spain, South Africa, and USA) were used in this work. Low ash content (<10% dry basis) was one of the criteria used for the selection of the samples in order to minimize the effect of mineral matter in this study. Table I shows the main properties of the coals used. Binary coal blends were prepared by mixing coals with different characteristics so that the possible synergistic effects can be studied. The individual coal fractions were mixed after grinding to generate blends with 25, 50, and 75 wt.%.
The grindability of a coal blend, as measured by the Hardgrove Grindability Index (HGI), is of great interest because it is used as a predictive tool to determine the capacity of industrial pulverizers in coal-fired power stations. The HGI was measured in accordance with standard procedures (ASTM D 409). In summary, the procedure comprised the preparation of 1 kg of coal with a top size of 4.75 mm, which was crushed and sieved to obtain a particle-size fraction between 1.18 mm and 0.60 mm. A load of 50 g was placed in the Hardgrove Grindability machine, which includes a stationary grinding bowl with a circular horizontal track that holds eight steel balls, driven by an upper grinding rig that rotates at 20 rpm and stops after 60 revolutions. Then the material passing a 75-µm sieve is weighed, and the HGI is obtained by comparing this weight to that of standard reference samples. For the determination of the HGI of binary coal blends, the 0.60-1.18 mm fractions of each coal were mixed in the proportions defined above.
Temperature-programmed pyrolysis (TPP) and combustion (TPC) were determined in a Setaram TGA92 differential thermogravimetric analyzer (DTG). In order to compare the samples, factors such as sample weight, heating rate, and gas flow rate were well established to ensure good repeatability between experimental runs. In all the experiments carried out in this work, approximately 10 mg of samples -ground and dry sieved to obtain a 38-150 µm size fraction, a gas flow rate of 50 mL/min, and a linear heating rate of 15 o C/min -were employed. Temperature-programmed pyrolysis was performed, heating the sample up to 850 o C in argon flow. For the TPC experiments, the temperature was raised to o C in 20% oxygen in argon. In both tests the corresponding characteristic parameters were obtained.
A quadrupole mass spectrometer (Balzers MSC 200) linked to the thermobalance was used to record the gas evolution profiles during the pyrolysis and combustion tests. A probe was placed very close to the sample crucible of the thermobalance, in the gas flow direction, to minimize secondary reactions taking place. The signals recorded by the mass spectrometer were normalized by the total intensity and the sample mass in order to make the results internally consistent Jones et al. (1995) .
RESULTS AND DISCUSSION

Coals and Blends Grindability
Evaluation of the grinding behavior of single coals and blends was carried out using the HGI. Figure 1 shows the evolution of the HGI with the volatile matter content of the coals studied. The increase in the HGI with volatile matter content can be observed in this figure. This takes place up to a maximum HGI value, which roughly corresponds to a volatile matter content of 20 wt.% daf (dry and ash-free basis). Then, at higher volatile matter content, the HGI decreases. Thus, the hardest coals are those located in the low and high rank scales. This fact ap-
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9RODWLOH 0DWWHU ZW GDI +*, plies in cases where the effect of the mineral matter is minimized by using coals with relatively low ash content. The effect of mixing coals of different hardness and rank on the HGI, of the blends, in comparison to those of the individual coals, was evaluated. Several blends were prepared, and, in general, blends of coals of similar HGI values present a slight or no deviation from the linear additive rule. In other cases, however, higher HGI values than those calculated from the weight percentage of the individual coals were attained. This effect is more pronounced when coals with quite different HGI are blended.
A low-volatile bituminous coal, DI (HGI = 84), was blended with an anthracite, GI, and with a high-volatile bituminous coal, LO, with HGIs of 34 and 47, respectively. The comparison between the experimental HGIs and the theoretical ones is shown in Figure 2 . In the case of the DI-GI blend, the HGI presents higher values than those expected from linear behavior. The opposite is observed for the DI-LO blend, which follows the linear additive rule. Coals LO and GI are quite different in rank, origin, and composition (cf. Table I ). Thus, although the HGIs of both coals (LO and GI) are not very different, it seems that the nature of the individual coals is a determinant in the interactive effects shown in the HGIs of the blends.
When a low-volatile bituminous coal, WI (HGI = 91), is mixed with the high-volatile bituminous coals, LO and CA, with HGI values of 47 and 62, respectively, a similar behavior as in the preceding case is obtained (Fig. 3) . The WI-CA coal blend displays linear behavior, while deviations are obtained for the WI-LO blend. The two high-volatile coals, LO and CA, present very similar proximate and ultimate analyses and mean reflectance values. There are differ- ences in their maceral analysis and Free Swelling Indices, thus they probably present different structure and/or functionalities. The relation between grindability and rank was shown in Figure 1 . Hower et al. (1987) have pointed out that maceral composition can explain a significant portion of the variation in the HGI. Therefore, there is a connection between the coal maceral composition, as it is rank dependent, and the HGI. The propensity for plastic behavior, on the other hand, resides almost exclusively in vitrinites and exinites, whereas inertinites act mostly as diluents, which, depending on their relative abundance, tend to suppress softening, dilatation, and fluidity (Berkowitz, 1985) . Furthermore, coal structure and functional group composition are related to the fluid state and swelling of coals with temperature (Solomon et al. 1993; Solomon and Fletcher, 1994) . Thus, a relation among these three coal properties (maceral composition, FSI, and HGI) seems to exist.
Deviations from the linear additive rule in the HGI were observed in the WI-LO blend. The individual coals are of different rank and also have very different vitrinite content and Free Swelling Indices. Linear behavior was observed in the WI-CA coal blend. The vitrinite content of coal CA is more similar to that of coal WI in comparison to coal LO; they also have the same Free Swelling Index. This could indicate some similarities in coal structure, and this blend follows additivity of the HGI. Based on the above results it can be said that the HGI of a blend cannot be predicted from the individual HGIs and their weight fractions. It seems that the properties related to coal structure and swelling is important not only in the HGI value of individual coals but also in the interactions found in blends.
Coals and Blends Combustibility Assessment Gases evolved during devolatilization of the coals
Several binary coal blends were prepared and studied in the TG-MS system. Three blends mixed at 50 wt.% (FI-HV, LO-GI, and TW-GI) will be presented in this work as the most representative of the different combustion characteristics displayed by the rest of the blends. In the first coal blend (FI-HV), the individual coals have very different HGIs (FI = 97, HV = 59) and volatile matter content (FI = 19.4, HV = 10.1 wt.% daf). The other two blends, LO-GI and TW-GI, will show the different behavior of blends composed by an anthracite, GI, and two high-volatile bituminous coals, with practically the same HGI (LO = 47, TW = 46) and volatile matter content (LO = 36.6 and TW = 33.7 wt.% daf). The main differences between the bituminous coals are the maceral composition and the Free Swelling Index.
Ultimate and proximate analyses are general parameters, and in some cases, coals with similar analyses have very different coal structures or functional groups composition. Temperature-programmed pyrolysis can be used to follow the gases that evolved during coal-thermal decomposition and to throw light on the difference in behavior shown by coals of the same rank, which can also present different chemical structures. In addition, the different compounds evolved during the devolatilization process come from functional groups present in the parent coal. In this work, temperature-programmed pyrolysis tests were performed on the individual coals. The differences observed during pyrolysis were related to the chemical structure, thus leading to a different behavior during temperature-programmed combustion tests.
The weight loss curves revealed marked variations between the coals according to their rank. The two high-volatile coals, TW and LO, present the same weight-loss curve-up to approximately 450 o C. The main differences are found in the compounds evolved between 500-700 o C. The evolution of different volatile products provides information on the chemical reactions occurring during thermal decomposition. The most important gaseous compounds evolved when devolatilization is carried out in the TG-MS system are H 2 , CH 4 , CO, and CO 2 . Special attention was paid to the differences between the two high-volatile bituminous coals, TW and LO, which have similar proximate and ultimate analyses. The evolution of H 2 during pyrolysis of the coals is presented in Figure 4 . The H 2 peaks were detected in the last stages of thermal decomposition (temperatures higher than 450-500 o C). This is because of the decomposition of heterocyclic compounds and condensation of aromatic structures, which occur at high temperature (van Heek and Hodek, 1994) . The bituminous coals, FI, TW, and LO, present a well-defined shoulder at low temperature, shifting to higher temperature in the case of coal FI. This is indicative of the presence of hydrogenated groups, their amount decreasing with the increase in coal rank.
CH 4 originates mainly from hydroaromatic and aryl methyl groups (Charpenay et al., 1996) . In Figure 5 , the evolution of CH 4 with temperature for the five coals is presented. Again, the initial evolution temperature increases with coal rank. The evolution of CH 4 is higher in the case of coal FI, in comparison to the other coals.
Coal oxygen content influences the evolution of oxygenated compounds, such as CO or CO 2 , during pyrolysis. According to some authors (e.g., Solomon and Hamblen, 1985) , the sources of CO are aryl ether linkages. For bituminous coals, the cleavage of alkyl aryl ethers has been found to be particularly important (Berkowitz, 1985) . A very well-defined peak in the CO profiles at around 500 o C can be observed in Figure 6 for the three bituminous coals, FI, LO and TW, being less important for the other two coals, semianthracite, and anthracite. There are notable differences between the two high-volatile bituminous coals, TW and LO. The TW coal has slightly higher oxygen content than coal LO; this is corroborated by the CO and CO 2 evolution profiles presented in Figures 6 and 7, respectively. The CO and CO 2 peak areas for the TW coal are higher than those of coal LO. In the case of CO, the peak at low temperature is nearly the same for both coals, but coal TW shows a second peak at higher temperature (around 750 o C) probably due to more stable structures than the aryl ether linkages (i.e., heterocyclic compounds). This peak at high temperature does not appear in the case of coal LO, showing a lack of this kind of functionality. At low temperatures, CO 2 is formed from aliphatic and aromatic carboxyl and carboxylate groups, whereas at high temperatures, CO 2 derives from thermally more stable ether structures, quinines, and oxygen-bearing heterocycles (Berkowitz, 1985); carbonates can also contribute to the production of CO 2 at high temperatures. It can be observed in Figure 7 that coal TW presents two very well-defined peaks, whereas coal LO presents only the low-temperature peak and a shoulder at high temperature. This indicates the presence of some functionaly in coal TW in contrast to coal LO.
Bituminous coals pass through a plastic stage during pyrolysis, with the formation of the so-called metaplast, which is defined as the fraction of molecules that are not attached to the network. The increase of metaplast is associated with bond-breaking reactions, whereas the solidification is due to cross-linking (Solomon and Fletcher, 1994) . When coal does not exhibit fluidity, cross-linking reactions occur before or in a greater extent than bond-breaking reactions. According to Solomon et al. (1993) , the cross-linking reactions appear to be related to the evolution of certain gases, such as CO 2 and CH 4 . Coals TW and LO do not present important differences in the evolution of CH 4 during pyrolysis, but the CO 2 profiles are quite different, as mentioned before. This could be the reason for the differences in plasticity and Free Swelling Index between the two coals, as can be observed in Table I .
Temperature-programmed combustion tests of coal blends
The combustion profiles of coals LO and GI and the blend LO-GI at 50 wt.% are shown in Figure 8 . The usual displacement of the curves to higher temperatures can be observed as coal rank increases. The combustion profile of the blend at 50 wt.% lies between those of the individual coals and presents an individual peak. This means that there is some interaction between the coals, and the blend burns as an "individual coal." Moreover, the combustion profile of the blend at 50 wt.% is more similar to LO than to GI, attending to the temperature combustion range.
The TPC profiles present some characteristic temperatures that can be used for comparative purposes between samples. Thus, T v is the volatile matter initiation temperature, calculated in this work as the temperature where the rate of weight loss reached the value of 0.005 % s -1 , following the loss of moisture and oxygen chemisorption. T m is defined as the temperature of maximum rate of weight loss or peak temperature, and T e is the temperature of char burnout (calculated as the temperature where the rate of weight loss reached a value of 0.005 % s -1 , after the peak temperature).
From the characteristic temperature values presented in Table II , it can be observed that the experimental values of T v , T m , and T e are lower than the theo- retical ones for the LO-GI blend, assuming no interaction. This suggests that there is a positive synergistic effect: the blend burns better than a theoretical blend with no interaction between the individual components. Figure 9 shows the combustion profiles of coals TW and GI and the TW-GI blend at 50 wt.%. It can be seen in this figure that the combustion profile of the blend presents two well-defined peaks, showing no interaction between the individual coals during combustion. Therefore, the blend burns as two different coals with peaks at two different temperatures.
The fact that the same anthracite, GI, is mixed with two coals of the same rank (high-volatile bituminous coals) with nearly the same volatile matter content, could presuppose that both blends would present similar behavior during combustion. There are some similar properties between LO and TW, like proximate and ultimate analyses, mean reflectance, and, thus, coal rank. But these are general FIGURE 9 Combustion profiles of coals TW, GI, and their blend at 50 wt.% parameters, and some differences exist in coal structure and group functionalities, as it was mentioned before, which correspond to different vitrinite, exinite, and inertinite content and, thus, the different behavior during the tests performed. These differences in coal structure lead to different plastic behavior of the individual coals TW and LO. Coal LO presents some plasticity (Gieseler Fluidity) and a very high Free Swelling Index (6.5), whereas coal TW displays practically no swelling (0.5) and absence of plasticity. These differences in coal structure influence not only the plastic behavior of coal but also the potential interactions with other coals in the combustion process of a blend, although according to the general analyses both coals were very similar.
The blend of the low-volatile bituminous coal, FI, with the semianthracite, HV, also presents positive interactions. The combustion profiles of the individual coals and the blend at 50 wt.% are shown in Figure 10 . The characteristic temperatures for these profiles are given in Table II . It can be observed that the blend started to burn and finished at lower temperatures than was expected because of the interactions between the two coals. Therefore, the time necessary for total burnout is shorter, leading to a positive interaction.
It seems, in disagreement with other authors (Artos and Scaroni, 1993; Ciambelli et al., 1997) , that coal blend combustion behavior is not always linearly predictable from that of the individual coals. This is also pointed out in the comprehensive review of Su et al. (2001) although these authors suggest that blends of anthracite and bituminous appear to burn independently in the TGA. Thermogravimetric studies on coal blend combustion carried out by Pan and Gan (1991) and Rubiera et al. (1999) agree with the results of the present work, whereas other authors (Ndaji et al., 1999) have also found interactions between mixtures of coal and waste materials during TG tests. If the position of the MS probe is placed very close to the sample crucible of the thermobalance in the gas flow direction, then the interactions between gases are minimized, allowing reactive species to be detected (Varey et al., 1996) . Thus, the results in the TG/MS are mainly due to interactions between the volatiles and char in the crucible during the TPC tests.
The peak area values give an idea of the amount of gaseous compounds emitted, and these values can be compared between samples, giving a semiquantitative determination. Thus, the ratio between NO peak area and the nitrogen content of the sample is related to the nitrogen conversion. In this way the effect of the interactions between individual coals on the NO formation can be studied. The NO evolution profile during TPC tests for the LO-GI blend at 50 wt.% is shown in Figure 11 . It can be observed that the NO profile displays a low-temperature peak at around 450 o C for coal LO and the blend, due to the oxidation of different volatile nitrogen species. Anthracite GI does not present this peak because of its low volatile content. The high-temperature peak corresponds to the NO formation from char combustion. This peak presents a clear shoulder at low temperature, probably due to different nitrogen functionalities in the char. The LO-GI coal blend presents synergistic effects during TPC tests, and the interactions are positive not only with regard to the combustibility of the blend, as discussed above, but also in the NO formation. The deviation between the experimental value of the nitrogen conversion to NO was 22% lower than the theoretical value following the linear additive rule, as can be seen in Table II . The same occurs with the blend FI-HV, which presents positive interaction in combustibility and NO formation during the TPC tests. In this case the deviation between the experimental and theoretical value is larger (38%) than in the case of /2 *, FIGURE 11 NO evolution profiles, followed by mass spectrometry, during combustion of coals LO, GI, and their blend at 50 wt.% the LO-GI blend. In addition, the TW-GI blend, which did not present relevant interactions during the TPC test, presents an experimental nitrogen conversion value not very dissimilar to the theoretical one, with a deviation of 11%. This confirms that the blend burns as two different coals and the NO emissions roughly correspond to the mean value of the NO formation from the individual coals.
CONCLUSIONS
The grindability and HGIs of coal blends cannot generally be predicted from the weight percentage of the individual coals in the blend. Interactions between coals with similar analyses but different structure were found.
Synergistic effects were observed during the combustion of coal blends in a TG/MS system, especially in coals with different structures. The characteristic combustion temperatures of their blends present lower values than the theoretical ones and, thus, better combustibility than those predicted from the linear additive rule.
The positive interactions detected in the combustion of some blends also applied to their nitrogen conversion to NO. It was found that the interaction between coals favors the reduction reactions of NO and produces lower NO emissions than those attained assuming linear behavior.
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